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Experimental anomalies & sterile v interpretation

Some experimental data in tension with the standard 3V scenario + oscillations

(...and sometimes in tension among themselves....)
v / K . 201
1. v, appearance signals opp atal., 2013

- excess of V, originated by initial \_/M : LSND/ MiniBooNE
A. Aguilar et al., 2001
A. Aguilar et al., 2010
2. V,andV, disappearance signals

 deficit in the v, fluxes from nuclear reactors (at short distance)

Mention et al.2011
Acero, Giunti and Lavder, 2008

Giunti and Lavder, 2011
Kopp, et al. 2011

« reduced solar vV, event rate in Gallium experiments

All these anomalies, if interpreted as oscillation signals, point towards the possible
existence of I (or more) sterile neutrino with Am? ~ O (eV2) and 0.~ O (0,;)

Many analysis have been performed >  3+1, 3+2 schemes R\
See@)@@
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Radiation Content in the Universe

AtT < m_, the radiation content of the Universe 1s

ER =€y T &y T+ &g

The non-e.m. energy density is parameterized by the effective numbers of neutrino species /V. off

77 7
5,,+5x:—7T—T,f‘ ™

—THNEM + AN
815 ( * )

8157

N Eé\/[ — 3.046  due to non-instantaneous neutrino decoupling

Mangano et al. 2005

(+ oscillations) At T~ m,, e*e pairs annihilate heating photons.
Since T
small part of the entropy release

dec(V) 1 close to m,, neutrinos share a

AN — Extra Radiation: axions and axion-like particles, sterile neutrinos (totally or
partially thermalized), neutrinos in very low-energy reheating
scenarios, relativistic decay products of heavy particles...
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Cosmological hints for extra radiation

Extra d.o.f. (1.e. sterile neutrinos) impact the cosmological observables :

v/ BBN (through the expansion rate H and the direct effect of v, and Vv, on the n-p reactions)

Mangano and Serpico, 2011

BBN(standard) =2 < at 95% C.L Hamman et al., 2011
( ) Neff 4 ( ’ ) Pettini and Cooke, 2012

with only a small significance preference for N¢s > stand.value

v" CMB & LSS (sound horizon, matter-radiation equality, anisotropic stress, damping tail,
small scale matter PS)

Slight preference for Negt > 3.046

T—

Komatsu et al., 2008,

Hints for extra radiation reduce over the years Komatsu et al., 2010

G. Hinshaw, et al.2013
J.L.Sievers et al. 2013
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Nett and Xm. constraints after Planck

I I
10 F Planck+WP+highL
+BAO
| +Ho

Netr= 3.30 £ 0.54 95 % C.L.; Planck+WP+highL+BAO)  ® [ -sa0+

\) compatible with the standard value at 1-O < T
Q.
04
S
PR
a)\,k,&“ * 0.2
3
GOYS\K 0.0
2.4 3.0 3.6 4.2
Nest

Planck XVI, 2013
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Nett and Xm. constraints after Planck

Nege= 3.30 = 0.54 (95 % C.L.; Planck+WP+highL+BAO)  °¢
\> compatible with the standard value at 1-O § o0

0.4

Including the Ho value from HST... 0.2

Nefr= 3.52 + 0.48 (95 % C.L.; Planck+WP-+highL+BAO + H0) 00

———

/ HgPnek=(63.3 £ 1.2) km s Mpc ™
\.  Ho"ST=(73.3 +2.4) km s Mpc'!

Indeed

Not trivial issue:

| Planck-+WP—highL
+BAO

| +Ho
+BAO+Ho

24 3.0 3.6
Nese

e unresolved astrophysical systematic effects

e beyond standard ACDM model (HOT DM: sterile )
see M. Wyman et al., 2013 and Hamann and Hasenkamp 2013
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Nett and Xm. constraints after Planck

Nesr= 3.30 £ 0.54 (95 % C.L.; Planck+WP-+highL+BAO)

\) compatible with the standard value at 1-O

bounds on v mass

model Planck mass bound (eV)
(95% C.L.)
+
3 degenerate v,  WPHHighL+BAO 2my < 0.23
Netr=3.32 £ 0.54
Joint analysis WP+HighL+BAO
Nefr & 3 degen Vg 2m, < 0.28
Ner< 3.80
Joint analysis WP+HighL+BAO

Netr & 1 mass Vg

mef,s < 0.42

TAUP 2013, Asilomar, 9 September 2013
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Nett and Xm. constraints after Planck

Nege= 3.30 = 0.54 (95 % C.L.; Planck+WP+highL+BAO)  °¢

\) compatible with the standard value at 1-O <
Q.

bounds on v mass

| Planck-+WP—highL
+BAO

| +Ho
+BAO+Ho
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model Planck mass bound (eV)
(95% C.L.)
+
3 degenerate v,  WPHHighL+BAO 2my < 0.23
Netr=3.32 £ 0.54
Joint analysis WP+HighL+BAO
Nefr & 3 degen Vg 2m, < 0.28
Joint analysis WP+HighL+BAO r

Netr & 1 mass Vg
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Active-sterile flavor evolution

Sterile v are produced in the Early Universe by the mixing with the active species

Oce Oep Oer  Oes
Oue Oup Our Ous
Ore Orp  Orr  Ors
Ose Ospy  Ost  Oss

« Describe the v ensemble in terms of 4x4 density matrix o(z,y) =

* introduce the dimensionless variables z=m a; y=pa; 2 =T, a;

with m = arbitrary mass scale; a= scale factor, a(t) — 1/T

\V]

* denote the time derivative 0, — 0, — Hp 0p, = Hx 0, , H the Hubble parameter H = Y H
m
» the EoM become:
d x? 2GF m? 8y m? E = xC
P R [MQ,Q}—l—f PR | -222 2 ) +N,0 L 2Clew)]
dx 2m2y H x2 H 3x miy, My m H

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
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Active-sterile flavor evolution

Sterile v are produced in the Early Universe by the mixing with the active species

Oce Oep Oer  Oes
Oue Oup Our Ous
Ore Orp  Orr  Ors
Ose Ospy  Ost  Oss

« Describe the v ensemble in terms of 4x4 density matrix o(z,y) =

* introduce the dimensionless variables z=m a; y=pa; 2 =T, a;

with m = arbitrary mass scale; a= scale factor, a(t) — 1/T

2
* denote the time derivative 0, — 0, — Hp 0p, = Hx 0, , H the Hubble parameter H = Y H
m
» the EoM become:
d x? 2GF m? 8y m? E = xC
P R [MQ,Q}—l—f PR | -222 2 ) +N,0 L 2Clew)]
dx 2m2y H x2 H 3x miy, My m H

Vacuum term
with M neutrino mass matrix
U M2UT

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
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Active-sterile flavor evolution

Sterile v are produced in the Early Universe by the mixing with the active species

Oee
Oue
Ote
Ose

« Describe the v ensemble in terms of 4x4 density matrix o(z,y) =

* introduce the dimensionless variables z=m a; y=pa; 2 =T, a;

Qep
Oup
Orp
Osp

Oer  Oes
Our  Ous
Orr  Ors
Ost  Oss

with m = arbitrary mass scale; a= scale factor, a(t) — 1/T

* denote the time derivative 0; — 0; — Hp 0, = Hx 0, , H the Hubble parameter

> the EoM become:

2 2
3x miy m

i J
I

MSW eftect with background medium

d 2 G 8ym? [ E, E,
o2 =42 M2 )+ V2Grm X[— o ( - 2>+N’/’Q]
Z

2 H

(refractive effect)
charged lepton asymmetry subleading (O(10)) =»
Sigl and Raffelt 1993; =» 2t order term: “symmetric” matter effect
McKellar & Thomson, 1994 sum of e - e energy densities €
Dolgov et al., 2002. E, = dlag(ge,g 0 0)
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Active-sterile flavor evolution

Sterile v are produced in the Early Universe by the mixing with the active species

Oce Oep Oer  Oes
Oue Oup Our Ous
Ore Orp  Orr  Ors
Ose Ospy  Ost  Oss

« Describe the v ensemble in terms of 4x4 density matrix o(z,y) =

* introduce the dimensionless variables z=m a; y=pa; 2 =T, a;

with m = arbitrary mass scale; a= scale factor, a(t) — 1/T

2
« denote the time derivative 9, — 9; — Hp 9, = Hx 0, , H the Hubble parameter T =g
m
» the EoM become:
do z? 5 V2G Fm? 8ym? [ E, E, \ z Clo(y)]
i— =+———— [M?, 0|+ — x| — 5 — —5 | + Ny, o| +—=%
dx 2m2y H x2 H 3z2 \my, my m H
refractive v—v term
self-interactions of v with the v background:
Sigl and Raffelt 1993; off-diagonal potentials " non-linear EoM

McKellar & Thomson, 1994
Dolgov et al., 2002.
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Active-sterile flavor evolution

Sterile v are produced in the Early Universe by the mixing with the active species

Oce Oep Oer  Oes
Oue Oup Our Ous
Ore Orp  Orr  Ors
Ose Ospy  Ost  Oss

« Describe the v ensemble in terms of 4x4 density matrix o(z,y) =

* introduce the dimensionless variables z=m a; y=pa; 2 =T, a;

with m = arbitrary mass scale; a= scale factor, a(t) — 1/T

\V]

* denote the time derivative 0, — 0, — Hp 0p, = Hx 0, , H the Hubble parameter H = x

m

H

» the EoM become:
d 2 2G - m? 8y m? E zC
R [MQ,Q}—l—f PR | -222 L. +N,,0 L 2Clew)]
dx 2m?2y H x2 H 3x miy, m H

/

symmetric term
x (0+70)

—

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
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Active-sterile flavor evolution

Sterile v are produced in the Early Universe by the mixing with the active species

Oce Oep OQer Les
Oue Oup Our Ous
Ore Orp  Orr  Ors
Ose Ospy  Ost  Oss

« Describe the v ensemble in terms of 4x4 density matrix o(z,y) =
* introduce the dimensionless variables z=m a; y=pa; 2 =T, a;

with m = arbitrary mass scale;  a= scale factor, a(t) — 1/T
e denote the time derivative 9, — 9; — Hp 0, = Hx 0, , H the Hubble parameter 77 = =

m

» the EoM become:
do @ e QHﬂGFm?X 8ym? (E, E, . L 2Cloy)
dx 2m2y H ’ 2 H 322 \m%, m% m H

asymmetric term

x (0—70) < L
Sigl and Raffelt 1993,

McKellar & Thomson, 1994
Dolgov et al., 2002.
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Active-sterile flavor evolution

Sterile v are produced in the Early Universe by the mixing with the active species

Oce Oep Oer  Oes
Oue Oup Our Ous
Ore Orp  Orr  Ors
Ose Ospy  Ost  Oss

« Describe the v ensemble in terms of 4x4 density matrix o(z,y) =

* introduce the dimensionless variables z=m a; y=pa; 2 =T, a;

with m = arbitrary mass scale; a= scale factor, a(t) — 1/T

\V]

* denote the time derivative 0, — 0, — Hp 0p, = Hx 0, , H the Hubble parameter H = x

m

H

> the EoM become:

2 2 2 A
i@:%— x [Mz Q]+\/§Gpm y ~8ym E. E LN +xC[Q(y)]
dx 2m2y H 7 x2 H 322 \m%, m% v m H
Collisional term o« Gp?
Sigl and Raffelt 1993 creation, annihilation and all the momentum
McKellar & Thomson, 1994 exchanging processes

Dolgov et al., 2002.
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Bounds on active-sterile mixing parameters after Planck

| v sterile abundance by flavor evolution of the active-sterile system for 3+1 scenario
| (to be compared with the Planck constraints)

L

(v 2 sterile mixing angles (+ 3 active ) 10~ <sin?Bis < 107! (i=1,2)

v sterile mass-square difference Am?s= Am?s4; (+ 2 active) 107 < Am?4;/eV? < 107

V' average-momentum approximation (single momentum): 2p(1) = fro(®)p(T)  ({p) =3.15T)

¢/ conservative scenario: vanishing primordial neutrino asymmetry

Mirizzi, Mangano, N.S. et al 2013, arXiv:1303.5368
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Why is the multi-flavor system important ?
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Why is the multi-flavor system important ?

® More mixing angles:

 oscillation mechanism shared between different flavors =¥ effects not possible in the
simple “I1+1” scenario
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® More resonances with the matter term, affecting the sterile neutrino production

* When the matter term becomes of the same order of the neutrino mass-squared
splitting, induce MSW-like resonances between the active and sterile states
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Why is the multi-flavor system important ?

® More mixing angles:
oscillation mechanism shared between different flavors =¥ effects not possible in the
simple “I1+1” scenario

Mirizzi et al 2013, arXiv1303.5368

® More resonances with the matter term, affecting the sterile neutrino production

* When the matter term becomes of the same order of the neutrino mass-squared
splitting, induce MSW-like resonances between the active and sterile states

NH
* SNH SIH
3
2
1
0 Res 1 Res 2 Res 3Res
IH
4 SNH SIH
2
1
3
0 Res 1 Res 2 Res 3 Res

In the sterile sector:

resonances associated with

/ N\

2,.
Am=y; 04
1=1,2,3
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Why is the multi-flavor system important ?
Mirizzi et al 2013, arXiv1303.5368

® More mixing angles:
 oscillation mechanism shared between different flavors =¥ effects not possible in the
simple “I1+1” scenario

® More resonances with the matter term, affecting the sterile neutrino production

* When the matter term becomes of the same order of the neutrino mass-squared

splitting, induce MSW-like resonances between the active and sterile states
In the sterile sector:

NH
4 SNH SIH resonances associated with
: / \
2 Am24i 614
1 1=1,2,3
4 )
0 Res 1 Res 2 Res 3Res NH, Am231 >0
IH Active 5
IH, Am+31 <0
4 SNH SIH 9 )
2
4 )
1 SNH, Am?241 >0
3 Sterile A2
<
0 Res 1 Res 2 Res 3 Res \ SIH, AmM~41 O)




Sterile production: dependence on the active-sterile
neutrino mass ordering

o The resonance condition can be satisfied only for Am?4i <0

e When more than one Am?4; is negative, multiple resonances can occur

! sinZ 014 = 10_2

Evolution of sterile density component 0.8 p

Pss for 3 sterile mass splittings 0.6

(%))

Am?241 =15 x102 eV>2 (NO reson., NH + SNH) QWO 4

Am241 =107 eV? (2 reson., NH + SNH) 0.2

Am?241=- 105 eV2 (3 reson., NH + SIH) 0

5 10 15
Mirizzi et al 2013, arXiv1303.5368
T (MeV)

TAUP 2013, Asilomar, 9 September 2013 Ninetta Saviano 8



Bounds on active-sterile mixing parameters after Planck

102

10!

1074

. 2
a) Am3; > 0, sin’f34, = 0

... OUr results

Mirizzi et al 2013, arXiv1303.5368

v Normal active hierarchy

v Normal sterile hierarchy

SNH

1073 1 Res 2 Res
107 103
sin2914
Radiation bounds |
» Black curves imposing the 95% C.L. Planck constraint Nerr< 3.8 onours Neg = §T7° o+ Pl

The excluded regions are those on the right or at the exterior of the black contours.

TAUP 2013, Asilomar, 9 September 2013

Ninetta Saviano



Bounds on active-sterile mixing parameters after Planck

. 2
a) Ami] > (0, sin“6h4 =0

102

... OUr results

Mirizzi et al 2013, arXiv1303.5368

v Normal active hierarchy

v Normal sterile hierarchy

simple behavior for

™ 0242 0 and for large sterile mass

------ 11 PR
102 _15 - see also Hannestad, Tamborra and Tram 2012
----- 10745 e .
oSbTTT T ‘ SN
3
1074F 2
sol. upturn 1
1073 - 1 L 0 Res 1 Res 2 Res
107> 1074 1073 1072 107!
sin2914
Radiation bounds |
- Black curves imposing the 95% C.L. Planck constraint Ner< 3.8 onours Neg = §T7° o+ Pl

The excluded regions are those on the right or at the exterior of the black contours.
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Bounds on active-sterile mixing parameters after Planck
... OUr results

102

10!

. 2
a) Ami] > (0, sin“6h4 =0

complex behavior for
small sterile mass due to resonances

Mirizzi et al 2013, arXiv1303.5368

v Normal active hierarchy

v Normal sterile hierarchy

and for 024> 0
1072
NH
1073 / . SNH
3
1074 2
1
1073 0 Res 1 Res 2 Res
1073 1074 1073 1072 107!
sin2914
Radiation bounds |
- Black curves imposing the 95% C.L. Planck constraint Ner< 3.8 onours Neg = §T7° o+ Pl

The excluded regions are those on the right or at the exterior of the black contours.
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Bounds on active-sterile mixing parameters after Planck
... OUr results

102

1073

1074

1073

. 2
a) Ami] > (0, sin“6h4 =0

sol. upturn

cmamame=®"

1073

1074

Radiation bounds

* Black curves imposing the 95% C.L. Planck constraint Nefr< 3.8 on ours

1073 1072
sin2914

10!

Mirizzi et al 2013, arXiv1303.5368

v Normal active hierarchy

v Normal sterile hierarchy

NH
4 SNH

3

2

1
0 Res 1 Res 2 Res
1 _
Neg = §TT[P + 7

The excluded regions are those on the right or at the exterior of the black contours.

Note: above m ~ (J (1 eV), sterile v are not relativistic anymore at CMB — NO radiation constraint

BUT mass constraints become important




Bounds on active-sterile mixing parameters after Planck
... OUr results

a) Ami] > 0, sin634 = 0

sin?024= 1072, 95%C.L.
allowed region from

global analysis of SBL
(Giunti et al. )

NH

Mirizzi et al 2013, arXiv1303.5368

v Normal active hierarchy

v Normal sterile hierarchy

4 SNH

10°
101 =
02
- 4§0
08,
<
2 10 0
AT F— 10 2-eeeenn.........
o T e
S
< 107°f_._. 1075 e L
103 fr-emsmmm e
107°F
sol. upturn
]0_5 - 1 1
107 1074 1073 1072
sin2914

Mass bounds

0 Res

1 Res 2 Res

10!

+ Red curves imposing the 95% C.L. Planck constraint mef,s < 0.42 <>, h® <4.5103 on ours

O h2 = 1 [v Am3, (pss+pss)]

The excluded regions are those above the red contours.
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Bounds on active-sterile mixing parameters after Planck
... OUr results

Mirizzi et al 2013, arXiv1303.5368

SIH
v Normal active hierarchy

v Inverted sterile hierarchy 3

additional 4-1 resonance:
3Res increase. of the sterile
production

Radiation bounds

¢) Am3; <0, sin’f34 =0

10-2 >
& 10~ The excluded regions for the same values
> 1073 .
2 of the mixing angles are larger than the
T o corresponding ones in the normal sterile
< .
= hierarchy.

105 ' —

107 104 1073 10-2 10-!

sin2914
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Bounds on active-sterile mixing: CONCLUSIONS

2 . 2
a) Amy; > 0,sin"f33 =0

Mirizzi et al 2013,
o'b arXiv:1303.5368

e The sterile neutrino parameter space is severely constrained.

* Excluded area from the mass bound covers the region accessible
by current and future laboratory experiments.

o Sterile v with m ~ O (1 eV) strongly disfavored

TAUP 2013, Asilomar, 9 September 2013 Ninetta Saviano 12



Bounds on active-sterile mixing: the end of the story?

1. Suppression of the sterile production

V' In the presence of large v—v asymmetries ( ~10-2) sterile production strongly

suppressed. Planck mass bound can be evaded Mirizzi, N.S., Miele, Serpico 2012

X Not trivial implication for BNN Saviano et al., 2013

2. If lab v_would be confirmed ...

New physics in the particle sector and also modification of the standard cosmological
model

TAUP 2013, Asilomar, 9 September 2013 Ninetta Saviano 13






Bounds on active-sterile mixing parameters after Planck
... OUr results

a) Am?, > 0, sin’63, = 0 b) Am3, > 0, sin’f34 = 0

102 107 Mirizzi et al 2013,
arXiv:1303.5368

101 B 101 L

< -1 O
10
E ------ 1072w m e E
— ol .~ .
Ng 107°F_._. 107" S e N§ )
Y PO . <
10—3 S i
10—4 L
sol. upturn
1073 L L \
107 107 1073 1072 10~! 10-!

sin2914 1
* Black curves imposing the 95% C.L. Planck constraint Nerr< 3.8 onours Neg = §T7" o+ Pl
The excluded regions are those on the right or at the exterior of the black contours.

- Red curves imposing the 95% C.L. Planck constraint meffys < 0.42 < Q, h? <4.5103 on ours

[\/ Amil (Pss+Pss)]

: Qh? = % 94.1 eV
The excluded regions are those above the red contours. e

Ninetta Saviano



Bounds on active-sterile mixing parameters after Planck

... OUr results

Mirizzi et al 2013, arXiv1303.5368

SIH
v Normal active hierarchy
v Inverted sterile hierarchy 3
2
! additional 4-1 resonance:
4 increase of the sterile
3Res production
Radiation bounds
> . Text > .
c)Amyz; <0,8in"G33 =0 d) Amgz; <0, sin“634 =0
l()_2 - 10-2 2
I 10-3 o 107
3t -3 ,

@ 10 3 10

he: =

3 107 3 10

1072
103" . - ' . o . . .
1075 10-4 10-3 10-2 10! 107 10-4 10-3 10-2 10!
) .
sin“604 sm2924

The excluded regions for the same values of the mixing angles are larger than the corresponding ones in the

normal sterile hierarchy.
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Amj; (eV?)

|Am3,| (eV?)

102

10!

107!

10—2 L

1073

10~

1072

1072

a) Am7, > 0, sin®f34 = 0

- e ma———T

sol. upturn

1074 1073
sin2914

¢) Am3, <0, sin’@3, = 0

107!

107!

Am3, (eV?)

|Am3,| (eV?)

102

10!

107!

1072

1073

107*

b) Am3, > 0, sin*634 = 0

SiIl2 924

1072
----1077_
107} T
1074}
1072
1075 — . .
1073 104 1072 107!

Active NH

Sterile NH

Sterile IH



Amj; (€V?)

|Am3,| (eV?)

a) Amj, > 0, sin’f34 = 0

102
10"
1 =
1071
...... U
1072 |
S [
1073F
1074F
sol. upturn
1073 ' = I
e o~ 10-3 10-2 107!
sin%64
¢) Amj; <0, sin’034 =0
10-5 1074 107 107 o

Am3, (eV?)

|Am3,| (eV?)

102

10*

1072

1073

107

1073

b) Am?, > 0, sin’f34 = 0

103

1074 1073
sin2924
d) Amj; <0, sin®f34 =0

1072

107

107!

Active [H

Sterile NH

Sterile IH
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Ny from multi-momentum treatment

v' Compute N ¢ as function of the V asymmetry parameter

. . . _ 60 -
looking at the extra contribution AN,z = —— dy y3Tr[o(z,y) + 8(z,y)] — 2
: Case AN.g|ANY
ANt €l 107 1.0 1.0
0.5 | fe = —€u = 10;3 0.98| 0.89
022 » | e =& =10"" 0.77| 0.51
g | <'zef—§p =102 || o052 o04a~
o lee=¢. =102 | o0.22] o004}

T (MeV)

Enhancement at most of 0.2 of unity for AN with respect to the single-momentum approx.

One needs to consider very large asymmetries in order to significantly suppress
the production of sterile neutrinos.

see also Hannestad, Tamborra and Tram, 2012




Spectral distortions

fe = £u= 107" fo = ~tu

— 107%

L

|1 |

Sizable distortions (especially for € =10-2)
—> consequences on primordial yields

Saviano et al, 2013, Phys. Rev. D 87,073006
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Non-trivial implications on BBN

Case A Nesr
€] < 1073 1.0
fe = —&u =103 0.98
fe=¢,=10"° 0.77
fe=—€, =102 0.52
fe =&, =102 0.22
fe=€u| =1073, nowvs|| ~0
fe =6 =1072 nows|| ~0
standard BBN 0

Saviano et al, 2013;
l l Phys. Rev. D 87, 073006
Yy |?H/H (x10%)
0.259 2.90
0.257 2.87 y = 2n/p)
0.256 2.81 " l+nlp
Helium mass fraction
0.255 2.74
0.251 2.64
0.246 2.56
0.244 2.55
0.247 2.56

PATthENOPE code | Pisanti et al, 2012

Deuterium mainly sensitive to the increase of N g

Helium 4 sensitive both to 4 _ S
* changes in the weak rates due to the spectral distortions

increase of V¢



